We present a study of 21 dark gamma-ray burst (GRB) host galaxies, predominantly using X-ray afterglows obtained with the Chandra X-Ray Observatory (CXO) to precisely locate the burst in deep Hubble Space Telescope (HST) imaging of the burst region. The host galaxies are well-detected in F160W in all but one case and in F606W imaging in ∼ 60 per cent of cases. We measure magnitudes and perform a morphological analysis of each galaxy. The asymmetry, concentration and ellipticity of the dark burst hosts are compared against the host galaxies of optically bright GRBs. In agreement with other studies, we find that dark GRB hosts are redder and more luminous than the bulk of the GRB host population. The distribution of projected spatial offsets for dark GRBs from their host galaxy centroids is comparable to that of optically-bright bursts. The dark GRB hosts are physically larger, more massive and redder, but are morphologically similar to the hosts of bright GRBs in terms of concentration and asymmetry. Our analysis constrains the fraction of high redshift (z > 5) GRBs in the sample to ∼14 per cent, implying an upper limit for the whole long-GRB population of ≤4.4 per cent. If dust is the primary cause of afterglow darkening amongst dark GRBs, the measured extinction may require a clumpy dust component in order to explain the observed offset and ellipticity distributions.
INTRODUCTION
Long-duration Gamma-ray bursts (GRBs) 1 are the most luminous events in the Universe (e.g. Racusin et al. 2008) , arising from the violent explosions of massive stars (e.g. Hjorth et al. 2003) . Newly formed compact objects can launch strongly beamed relativistic jets, producing the prompt gamma-ray emission. As the jet expands and the ejecta cools, it interacts with the circumstellar medium, producing external shocks which manifest as an afterglow. The wavelength of peak afterglow emission increases over time, with the spectral shape well described in most cases by a synchrotron-like broken power law (Band et al. 1993; Meszaros et al. 1994; Sari et al. 1998) . While most GRBs display such an afterglow in the optical bands if deep and early follow-up imaging is performed, a significant minority do not. The first example where this was found to be the case was GRB 970828 (Groot et al. 1998) , which showed no afterglow down to an r-band limit of AB mag ∼ 23 within 12 hours post-burst. Such events have subsequently become known as dark bursts (Fynbo et al. 2001) . A commonly used formal definition for dark GRBs is an X-ray to optical spectral slope β OX of less than ∼ 0.5 (Jakobsson et al. 2004) , effectively the limit allowed by standard synchrotron afterglow theory. Alternatively, the X-ray spectral slope can be extrapolated (Rol et al. 2005) according to a power of the form F ν α ν −β X , and darkness defined as when β OX < β X −0.5 (van der Horst et al. 2009 ). It should be noted however that GRB emission can deviate from this simple synchrotron model, with plateaus, flares and variable decay rates often being seen (Evans et al. 2009; Gompertz et al. 2018) . Estimates for the fraction of GRBs which are dark vary, but are typically around 25-40 per cent (e.g. Fynbo et al. 2009; Greiner et al. 2011; Perley et al. 2016a) .
There are three possible explanations for darkness in GRBs . Firstly, the burst may be intrinsically suppressed at optical wavelengths. Although this is disfavoured due to the difficulty in explaining such a spectral shape, it may be plausible in particularly low density environments, or if the spectral energy distribution is measured during a non-standard phase such as a flare or plateau. Second, the burst may be at high redshift (we define this as z > 5), where observations in the optical correspond to rest frame wavelengths blue-wards of the Lyman break (noting also that the Lα forest may be dense enough to produce a comparable effect at redshift 4 < z < 5). GRBs at z > 5 are known to be rare in the spectroscopically confirmed sample (e.g. Kawai et al. 2006; Ruiz-Velasco et al. 2007; Salvaterra et al. 2009; Greiner et al. 2009; Tanvir et al. 2009; Cucchiara et al. 2011; Tanvir et al. 2018) . Finally, the host galaxy (or Milky Way sight-line) might be dusty, so that the optical afterglow is reddened and attenuated. The last of these is favoured as the most frequent scenario, not least because the host galaxies of dark bursts are often detected at optical wavelengths, ruling out a high redshift origin. The inferred rate of GRBs at high redshift is therefore low (current estimates put ∼10-20 per cent of dark GRBs at z > 5, Greiner et al. 2011; Jakobsson et al. 2012; Perley et al. 2016a) .
GRBs are known to arise from the collapse of rapidly rotating, massive stars from their association with broad line type Ic supernovae (SNe) (Woosley 1993; Woosley & MacFadyen 1999; Hjorth & Bloom 2012; Cano et al. 2017) . Beyond this, however, their production mechanisms and progenitors are not well understood (Levan et al. 2016) . The study of GRB host galaxies has provided additional insight into the environments capable of producing GRBs (RamirezRuiz et al. 2002; Trentham et al. 2002) , and by extension the nature of the progenitor systems. The GRB host population is overwhelmingly star forming and the burst locations trace this star formation, as measured through both projected, host normalised offsets and the fractional light F light statistic (Bloom et al. 2002; Fruchter et al. 2006; Svensson et al. 2010; Blanchard et al. 2016; Lyman et al. 2017; Japelj et al. 2018) .
GRBs do not appear to be entirely unbiased tracers of star formation, however. Early studies of GRB hosts reported a strong bias against massive galaxies, implying some level of metallicity aversion in GRBs (e.g. Fruchter et al. 2006) due to the mass metallicity relation (Tremonti et al. 2004 ). However, the first studies of this kind tended to use optical afterglows for host localisation, and therefore systematically omitted the hosts of dark GRBs from their samples. Subsequently, efforts have been made to account for this effect by specifically including dark hosts (Cenko et al. 2009; Krühler et al. 2011; Hjorth et al. 2012; Perley et al. 2013 Perley et al. , 2016a , made possible by NIR afterglow imaging, or X-ray facilities such as the Neil Gehrels Swift Observatory (Gehrels et al. 2004 ) and its on-board X-Ray Telescope (XRT; Burrows et al. 2004) . XRT provides 1 arcsec localisation accuracy, sufficient in some cases to identify a probable host candidate. Because most dark GRBs are hosted by galaxies which are more massive, dustier and more chemically enriched than the wider population, their inclusion should weaken any bias relative to the underlying star formation distribution. Optically unbiased GRB host studies have shown this to be true, but despite the addition of more massive GRB hosts, some form of metallicity bias still appears to exist in the population Krüh-ler et al. 2015; Perley et al. 2016a,b) . However, the precise value of this cutoff remains uncertain. There are a handful of cases with ∼ solar metallicity which suggest a hard cut-off is unlikely (Graham et al. 2015; Graham & Fruchter 2017) . If GRBs can genuinely be created at solar metallicity, it is challenging for single star progenitor models which predict too much mass and angular momentum loss through winds at these metallicities (Vink et al. 2001; Hirschi et al. 2005) . Solutions have been offered in the form of chemically homogeneous evolution, or binary pathways (e.g. Yoon et al. 2012; Szécsi et al. 2015; Song et al. 2016; Eldridge et al. 2017 , and references therein). The exact nature of the host galaxy bias is still debated, with implications for both the progenitors and the usefulness of GRBs as tracers of star formation across cosmic time.
In this paper, we present a study of 21 dark GRBs and their host galaxies, observed with the Chandra X-ray Observatory (CXO) and Hubble Space Telescope (HST). The sub arcsecond astrometric accuracy of CXO X-ray imaging, combined with deep HST optical and NIR imaging, allows us to precisely locate the bursts and identify faint hosts down to AB mag ∼ 27.
As well as increasing the statistical certainty that dark GRBs favour luminous, dusty hosts, the spatial resolution of HST allows us to examine the projected morphology of the GRB hosts. Crucially, these data also allow us to put constraints on the fraction of dark bursts arising from high redshift (z > 5). The paper is structured as follows. In section 2, we detail the observations and data reduction. Section 3 outlines the methodology, and in section 4 we present our results. This is followed by the discussion and conclusions in sections 5 and 6. Throughout, magnitudes are quoted in the AB system (Oke & Gunn 1983) . A flat ΛCDM cosmology with h = 0.7, Ω M = 0.3 and Ω Λ = 0.7 is used.
OBSERVATIONS AND DATA REDUCTION

Target Catalogue
A total of 21 dark GRB positions were imaged with HST (PI: Levan) 2 . The criteria for inclusion was an X-ray to optical spectral slope, β OX , of less than 0.5 (within 12 hours postburst), and a Galactic foreground extinction of A V < 0.5 (determined from the dust maps of Schlegel et al. 1998 ). For CXO observations it was necessary that no more precise position (e.g. optical/radio) was available at the time of the CXO trigger. No further selection criteria were applied, although not all candidates in a given cycle could be followed up due to limits on the available observing time. For each burst, a β OX limit is provided in table 1. Where an analysis has not already been performed in the literature, these are determined from reported optical limits, and the extrapolated X-ray flux at the time of these observations assuming a simple power law 3 . Because the optical afterglows of dark GRBs are by definition faint or undetected, they seldom yield absorption-line redshifts. Redshifts for dark bursts must therefore come from observations of a likely host candidate. Only 9 of the sample have redshifts (either photometric or spectroscopic) from the literature, these are listed in table 5. In figure 1 , we compare the known redshifts in this sample to the redshift distributions from Bloom et al. (2002) , Blanchard et al. (2016, with which there is sample overlap) and Lyman et al. (2017) , who all provide burst-host galaxy spatial offsets for mixed (dark and bright) or exclusively optically-bright GRB samples. We also show the redshift distribution of Conselice et al. (2005) , whose concentrations and asymmetries we compare to later, and the GOODS-MUSIC galaxy survey (Grazian et al. 2006; Santini et al. 2009 ). In all cases, the distributions are similar, and assuming that dark GRBs without redshifts are not significantly biased towards high z, these therefore represent fair comparison samples for the parameters of interest.
Hubble Space Telescope
Each burst location was imaged with HST in two bands, F160W (λ eff ∼ 15400Å, IR) and F606W (λ eff ∼ 6060Å, Figure 1 . A comparison between the redshift distribution of the dark GRB sample, other similar studies and the GOODS-MUSIC galaxy survey. The dark hosts with redshifts have a distribution comparable to the other samples, however many of them do not have this information and may be biased towards higher z.
UVIS
). An exception is GRB 080207 which has F110W imaging instead of F160W for the IR (Svensson et al. 2012) . For all IR observations, and most UVIS, the Wide Field Camera 3 (WFC3) was used. For 4 UVIS observations, the Advanced Camera for Surveys (ACS) was employed, and the Wide Field Planetary Camera 2 (WFPC2) was used once (for GRB 080207). The details of these observations are given in table 2. The exposures for the HST targets were dithered, at least twice or up to 4 times depending on the exposure times. The charge transfer efficiency (CTE) corrected images were reduced with standard Astrodrizzle procedures, available with the python package drizzlepac 4 . The pixfrac was chosen to be 0.8 in every case, while the final scale is 0.065 arcsec pixel −1 for IR images and 0.02 arcsec pixel −1 for UVIS. Exceptions are the ACS images where we use a 0.03 arcsec pixel −1 final scale, the sole WFPC2 example where it is 0.07 arcsec pixel −1 , and the three IR images in programme 13949 where only two dithers were available and the final scale is 0.085 arcsec pixel −1 . A subset of these data were previously published in Blanchard et al. (2016) , and we obtain similar results in these cases.
Chandra
Out of 21 burst locations observed with HST, 18 have been observed with CXO and its Advanced CCD Imaging Spectrometer (ACIS) instrument (all PI: Levan, with the exception of GRB 051022, PI: Kouveliotou). Standard ciao (v4.9, with caldb v4.7.6) procedures were used to reduce the data, including reprocessing, PSF map creation and energy filtering of the event files to the range 0.3-8 keV. wavdetect is then used to identify sources in the field. A list of the observations used is provided in table 3. 3 METHODOLOGY
Astrometric Alignment
The default pipeline processing can result in astrometric offsets between Chandra and HST of order a few arcsec. Because we expect the burst-host offsets to be much smaller than this (e.g, Blanchard et al. 2016; Lyman et al. 2017 ), a refined astronometric solution was required to precisely locate the burst with respect to the host. This involved identifying sources in common between images, and computing the best transformation that maps one set of coordinates onto the other, a process referred to as astrometric tying.
In almost all cases, there were insufficient sources in common between HST and CXO to perform a direct tie. Instead, an intermediate was used, which was in most cases a Pan-STARRS 5 cutout (Chambers et al. 2016 ). Again, due to the low number of sources detected by CXO and the faintness of their associated optical counterparts, there were only a handful of CXO-Pan-STARRS matches in each case.
To tie these images, we performed a similarity transform on the CXO coordinates, placing them in the intermediate frame. This transform conserves the relative distances between points, and involves an x − y shift, scaling and rotation. The scaling between images was known and fixed, and if necessary to avoid over-fitting, the rotation obtained from the image headers was assumed to be correct. In this scenario, the root-mean-square uncertainties, whilst incorporating offsets due to any rotation errors present, were derived as if only x − y shifts were contributing. In this way, rotational uncertainties are still accounted for. The next step, tying Pan-STARRS or an alternative intermediate to HST, provided many more tie objects allowing for a more sophisticated procedure. Tying was performed with the IRAF tasks geomap and geoxytran, fitting for rotation, scaling in x and y, x-y shifts, and second or third order polynomial distortions.
The total tie uncertainty was estimated as the quadrature sum of the X-ray to intermediate, and intermediate to HST root-mean-square uncertainties. In turn, this was added in quadrature to the afterglow positional uncertainty, which is estimated as FWHM/(2.35 SNR) (where FWHM is the full-width at half maximum, and SNR is the signal-to-noise ratio, e.g. Birney et al. 2006) . When measuring burst offsets, the uncertainty on the host centre was also considered, however this was usually at the sub-pixel level. Deviations from these standard procedures are as follows: GRB100205A: No CXO data was available for this burst. Instead, the HST images were tied directly to a K-band Gemini-North image of the afterglow Cucchiara et al. 2010 ). There was therefore no need for an intermediate image in this case. GRB130131A: No CXO imaging is available. The HST images are tied directly to a K-band UKIRT image of the afterglow . Again, no intermediate image was required. GRB130803A: No CXO, optical or NIR afterglow was available, so we used the less-precise enhanced XRT position 6 . GRB141031A: This source was too far south for Pan-STARRS coverage, and there were insufficient mutually detected objects between the CXO image and other available intermediates (e.g. 2MASS, SDSS) to perform a tie. Instead, we directly placed the CXO position onto the HST frame, after it had been astrometrically refined through cross-matching to the Hubble Source Catalogue (v3, Whitmore et al. 2016) . The uncertainty on the burst position in the HST images was therefore given by the absolute astrometric accuracy of both CXO and the refined HST image, as well as the positional uncertainty of the CXO afterglow.
GRB150616A: This burst was too far south for Pan-STARRS coverage. Instead, we used a VLT/FORS2 image as the intermediate, from programme 095.B-0811(C) (PI: Levan). Figure 2 shows the best position of the GRB in the HST frames for each burst. The larger, magenta error circles arise from the tie and afterglow uncertainties as described above. The smaller cyan and orange circles represent the host candidate brightest pixel and barycentre in each band respectively.
Host Measurement with SExtractor
Apparent magnitudes, enclosed flux radii and ellipticities were measured from the drizzled, charge-transfer-efficiencycorrected and filtered images with SExtractor (v2.19.5, Bertin & Arnouts 1996) . We resample, register and crop the IR and UVIS images using SWarp (Bertin et al. 2002) , allowing mag auto to be used in dual-image mode. Flux is conserved in this process with variations due to re-sampling only occurring at the millimag level.
Object identification was performed on the F160W images, using a detection threshold of at least 5 connected pixels at 1 σ above the background. Non-detections are given as 3 σ limits. These are calculated from 0.4 arcsec apertures in the sole case that there is no detection in F160W, using the STScI tabulated zero points 7 . Every other non-detection is in F606W, and the aperture positions and sizes were determined in these cases by the mag auto apertures used on the F160W image, through the use of SExtractor's dualimage mode. A standard smoothing filter was used on all the images, with a radius of 3 pixels.
The cleaning parameter was also varied in order to remove spurious, spatially separated pixels which were mostly likely incorrectly attributed to a source. The appropriate zero points for each instrument, CCD and filter were obtained from the image headers and STScI 7 . The magnitude errors output by SExtractor are corrected for correlated noise following Casertano et al. (2000) and Fruchter & 7 http://www.stsci.edu/hst/wfc3/analysis/ir_phot_zpt Hook (2002) . Galactic dust attenuation is calculated using the York Extinction Solver (YES, McCall 2004) with an R V = 3.1 Fitzpatrick reddening law (Fitzpatrick 1999) , effective filter wavelengths from the SVO filter profile service (Rodrigo et al. 2012 (Rodrigo et al. , 2013 , and the dust maps of Schlafly & Finkbeiner (2011) . Enclosed flux fraction radii measurements were performed using SExtractor with the standard 3 pixel smoothing. Radii enclosing 20, 50 and 80 per cent of the flux were measured in each case.
Concentration and Asymmetry
The morphology and structure of a galaxy can provide insight into the nature of the constituent stellar populations. For example, it is well known that irregular or disturbed morphologies are associated with recent or ongoing star formation. Quantitative measures of galaxy morphology are provided by the concentration C and asymmetry A parameters (Kent 1985; Abraham et al. 1996; Bershady et al. 2000; Conselice et al. 2000a,b; Conselice 2003; Conselice et al. 2003; Lotz et al. 2004) . Concentration is proportional to the log of the ratio of the radii enclosing 80 and 20 per cent of the total source flux, and measures the degree to which light is centrally concentrated within a galaxy. Asymmetry is obtained by rotating an image cutout through 180 • around the barycentre of the galaxy of interest, followed by image subtraction, normalisation and summation. An identical process is carried out on blank sky regions for background asymmetry subtraction.
We employ the same division of C A parameter space as Conselice et al. (2005) , categorising galaxies as ellipticals, spirals/irregulars, or mergers. Additionally, we use the ellipticity (i.e. one minus the ratio of semi-minor and semimajor axis length) to break the degeneracy in C A parameter space between objects with similar concentrations and asymmetries but different projected 2D light distributions. This issue arises because elongated objects can be symmet- ric through a 180 • rotation, and we are interested here in the effect of viewing angle and the line of sight through the GRB host. For disky galaxies, ellipticity is a proxy for line of sight inclination, information that the C A parameters may not be able to provide.
We do not perform an analysis of F light (Fruchter et al. 2006) or the third 'CAS' parameter, clumpiness S. The reason for the former is that the positional uncertainties are sufficiently large that significant fractions (or in some cases, 100 per cent) of the hosts are enclosed by the error circle. Blanchard et al. (2016) showed that high error circle to galaxy area ratios produce F light values which are significantly biased to lower values. The clumpiness statistic becomes increasingly unreliable as redshift increases, as demonstrated by Conselice (2003) . Pixel-to-pixel variations caused by the HST PSF create high frequency power that is not due to spatial variation in the stellar populations, which can be problematic for sources which are small in extent.
Morphological Uncertainties
Due to the drizzling process, there is correlated noise in the final HST images which is not accounted for in the [ERR] maps output by the data reduction. To address this issue, we resampled the pixels in the pre-drizzled flc and flt images by adding values sampled from their [ERR] extension uncertainty distribution, before drizzling. This process was repeated a few hundred times for each set of images, with measurements made on the new drizzled image each time. This produced distributions of SExtractor and C A output parameters (following the methodology of Lyman et al. 2017) . Our C A results use the mean of the drizzled image measurements, with uncertainties given by the 1 σ spread of the re-sampled distribution. In cases where the original, observed measurement falls outside this region, we use it as the upper or lower limit as appropriate. The quantities for which uncertainties are estimated in this way are the enclosed flux radii, host barycentre, asymmetry and ellipticity.
RESULTS
Basic results, as measured from the photometric images are reported in tables 4 and 5. We use redshifts where they are known to calculate angular and luminosity distances, providing physical scales and absolute magnitudes. Where there is no redshift information, an upper limit on physical offsets and sizes can still be obtained since the angular diameter distance reaches a maximum at z∼1.6, for the cosmological parameters which we have adopted. This also happens to be similar to the mean redshift of GRBs, and there is little evolution in the the angular diameter over the redshift range 1 < z < 3. These limits are listed in table 6.
In order to judge whether an association between a burst and the nearest galaxy is genuine, we use the H-band galaxy counts of Metcalfe et al. (2006) and perform a false alarm probability analysis (e.g., Bloom et al. 2002; Levan et al. 2007 ). The probability P ch of finding at least one unrelated source of magnitude m g or brighter within an angular separation r is given by, Figure 3 . Redshift versus absolute magnitude for the dark GRB hosts, comparison galaxies hosting optically bright GRBs, and the GOODS-MUSIC galaxy catalogue. The hosts of dark GRBs are more luminous than bright GRB hosts over a wide range in redshift.
where Σ is the surface density of sources. Using a cut-off of P ch < 0.05, which permits at most one interloper in our sample, we reject 1 candidate (GRB 130502B) as a potential chance alignment based on this cut. All further analyses therefore omit GRB 130502B. If we consider this to be a change alignment, the implication is that the true host is undetected, and possibly very distant. We note, however, that the X-ray brightness of this burst makes a high redshift scenario unlikely (Evans et al. 2009; Melandri & Immler 2013 ). While we do not include the burst and its candidate host in this sample, we acknowledge the possibility that the nearby galaxy is associated but that the burst is at a large offset. The probability of there being 1, 2 and 3 interlopers in the remainder of the sample (ignoring GRB 130803A whose positional uncertainty is too large for a meaningful P ch estimate) is calculated using the Poisson Binomial distribution, giving 0.1, 3.8×10 −3 and 9.8×10 −5 respectively (Hong 2013).
Host Colours and Luminosities
We use the F160W absolute magnitudes and F606W-F160W colours to further characterise the host population. Figure 3 compares a proxy for the absolute magnitudes of the hosts in this sample, calculated as m F160W -µ + 2.5log 10 (1+z) (where µ is the distance modulus), to those from Blanchard et al. (2016) and Lyman et al. (2017) . For all our results, where there is overlap between samples, our measurements agree well (e.g. van der Horst et al. 2015; Blanchard et al. 2016) . The dark hosts are more luminous than the hosts of optically bright GRBs, at all redshifts. They are also more representative of the general star forming galaxy population at their epoch, where we show all galaxies reported by Grazian et al. (2006) and Santini et al. (2009, labelled GOODS-MUSIC) . Previous GRB hosts studies have found similar results (e.g., Hjorth et al. 2012; Perley et al. 2013) , and attribute dark GRB host luminosities to greater stellar masses, consistent with a dust-extinguished afterglow scenario. The colours of these hosts also provide information. In figure 4 , we show a colour-magnitude diagram plotting ap- The points themselves are coloured according to redshift, if available, otherwise they are left black. Horizontal lines denote constraints derived from the luminosity function of high redshift galaxies reported by Bouwens et al. (2015) . At each of z = 4, 5 and 6, we use the reported M * and faint end slope to determine the apparent (rest-frame UV) magnitude fainter than which 95 per cent of the UV star-forming galaxy population would be observed. At z > 4, the observed H-band lies below the Lyman break, and for star forming galaxies, the mean spectral energy distribution is approximately flat in F ν and therefore AB magnitude. This leads to a zero colour term between the rest-UV and rest-optical (observed H-band). We assume that the luminosity function extends down to an absolute magnitude M UV = −10. We note that the line shown at z ∼ 5 is within a few tenths of a magnitude of the brightest galaxy detected at z > 5 in the GOODS-MUSIC moderately wide area photometric survey (Grazian et al. 2006; Santini et al. 2009 ).
We use the set of 95 th percentile limits discussed above, and the shallowest F606W limit in our imaging, to split this parameter space into 4 (redshift-dependent) regions. Objects in region A lie above both limits. They would have to be exceptionally bright if at z > 5, and are in fact detected in F606W suggesting that the Lyman break does not lie red-wards of the F606W band, which is centred around ∼5700Å (Rodrigo et al. 2012) . Therefore, we can say with confidence that all sources in region A are at z < 4, providing Table 6 . Here, we provide upper limits on the physical separations, R phys , and enclosed flux radii for those GRBs without redshifts. A redshift of ∼1.6 is assumed, which corresponds to the maximum angular diameter distance and (approximately) the mean GRB redshift. We note that GRB 100413A has an XRTderived redshift of z∼ 4 (Campana et al. 2010 ), but a lower z solution cannot be ruled out. a limit for three galaxies without previous redshift information: GRBs 130131A, 130803A and 150616A. In region B of figure 4, the lower bound of which is redshift dependent, the galaxies would have to be unusually bright in F160W to be at high redshift but are nonetheless undetected or very faint in F606W. Such sources are most likely intrinsically red. Sources in region C, below both limits, are either undetected or faint in F606W, and faint enough in F160W to plausibly be at z > 4 (or z > 5 or z > 6 depending on the adopted limit). While the F606W non-detections here could be attributed to the Lyman break, a faint and dusty scenario cannot be ruled out. Two sources lie clearly in region C. One of these, the non-detection of GRB 100205A in either band, is not shown. This burst has previously been suggested as a high redshift candidate ). The other is GRB 110915A. An additional two objects lie in an ambiguous region, on the boundary between regions B and C at z = 4 − 5, and would have to be luminous if at high redshift, although not exceptionally so. Of these, one is known to lie at z ∼ 2. Finally, objects in region D would be detected in F606W and are thus very likely at z < 4.
GRB
Host Morphologies
Morphological measurements for each detected galaxy are also listed in table 4. Figure 5 shows the C A results for the dark hosts in the F160W band, with equivalent measurements in the same band from Lyman et al. (2017) shown in grey. The dark population shows no statistically significant offset from the normal bursts. We also measure C A parameters in the F606W band. In two cases where there is a photometric detection, the galaxy appears sufficiently diffuse in F606W that meaningful C A measurements could not be made (i.e. the source is frequently undetected as an object when re-drizzling is performed, this occurred for GRBs 100413A and 150616A). The true noise in the image is given by the pixel-to-pixel noise mutilplied by a corrective factor (order of magnitude ∼10) that accounts for correlated noise from drizzling (Fruchter & Hook 2002 ). Due to Redshift Figure 4 . The F160W apparent magnitude of GRB hosts in this sample versus their observed F606W-F160W colour. Points which are coloured have a redshift, those in black do not. Horizontal lines denote the apparent UV magnitude fainter than which 95 per cent of the UV star-forming galaxy population would be observed (Bouwens et al. 2015) . The dashed line represents the shallowest F606W limit in our sample. Sources to the left of the dashed line, in regions A and D, are detected in F606W and a high redshift scenario is disfavoured. In region B, there are sources which are undetected in F606W but which are implausibly bright in F160W if they lie at z > 5. The two undetected sources in region C (depending on the redshift) are also faint in F160W, and are possible high z candidates. One source, GRB 100205A does not appear as it was not-detected in either band.
this correlated noise, re-sampling produces more variation in the resultant re-drizzled galaxy pixel values and explains the large morphological uncertainties that are obtained with this method. The F606W results are compared to the optical measurements of Conselice et al. (2005) . An Anderson-Darling (AD) test produces a p-value of 0.048 for concentration (providing marginal evidence that dark GRB hosts are more concentrated) and 0.25 (i.e. no significant difference) for asymmetry.
If dark GRB hosts are preferentially edge-on and disky, the average line-of-sight through the galaxy to the burst location would be longer and more prone to dust extinction in the plane of the disk. This would manifest as dark GRB hosts showing relatively elongated morphologies which are identified by the ellipticity but not necessarily the asymmetry. Again, statistical comparison between this sample and that of Lyman et al. (2017) provides no grounds to reject the null hypothesis that the two populations have the same underlying ellipticity distribution. Comparing the physical half-light radius R 50 of the dark GRB hosts with a known redshift from table 5 to the samples of Lyman et al. (2017) and Blanchard et al. (2016) , we find that the dark GRB hosts are physically more extended, with AD tests yielding p-values of 0.030 and 0.087 respectively. The median physical R 50 of this sample is 2.7±0.4 kpc, versus 1.8±0.1 kpc for Blanchard et al. (2016) Figure 5 . The position of the 19 F160W-detected dark GRB hosts in C A parameter space (left), and the 9 detected in F606W for which measurements could be made (right). Comparisons are made to Lyman et al. (2017, shown in grey) and Conselice et al. (2005, pink) . The most significant difference occurs for concentration in the F606W band.
Burst Offsets
Out of the 21 bursts in our sample, one host candidate is rejected as a potential chance alignment, one host is undetected and one GRB has a positional uncertainty which is too large to measure a meaningful offset from the putative host. We therefore measure the offset of the burst from the host light barycentre (R norm ) and brightest pixel (R n,bp ) for the remaining 18 GRBs. The offset distribution, normalised by the host R 50 radius, is shown for the F160W band in the upper left panel of figure 6 . This is compared to distributions drawn from the literature. The uncertainty on each offset has contributions from afterglow, tie and host positional uncertainties. In order to quantify the uncertainty on the cumulative distribution, we follow the approach of Bloom et al. (2002) and Blanchard et al. (2016) . In the case of a point source with approximately Gaussian uncertainties, offset from the host centre by a distance R, the frequency of occurrence at any given offset x is described by the Rice distribution. The upper right panel of figure 6 shows the Ricean probability density functions for each GRB in our sample individually, and the summed distribution. We randomly draw 18 barycentre offsets from the summed distribution 1000 times, and plot these in grey in the left-hand panel. This gives an indication of the uncertainty on the cumulative distribution. Table 7 shows the results of statistical comparisons between the dark GRB, host-normalised offset distribution reported here, and other literature samples. Statistical values indicating consistency between samples with a probability of < 5 per cent are shown in bold. The results vary from being statistically consistent to marginally inconsistent. Working instead with physical offsets produces comparable results. Interestingly, the dataset most inconsistent is the normal GRB sample of Lyman et al. (2017) .
Because the dark burst sample size is modest, and Chandra determined positions typically have larger positional uncertainties, we consider the effect of including ad- Table 7 . Statistical tests comparing the dark GRB hostnormalised barycentre offset distribution to other samples, using bursts solely from this sample (upper set of statistics) and including optically/NIR detected dark bursts from Blanchard et al. (2016) (lower set). The first column is the significance of the difference between the median R norm values. The second is the frequency with which randomly drawn offsets are less than the median of the comparison sample. ditional optically or NIR detected dark GRBs in the offset comparisons. Specifically, we select dark bursts from Blanchard et al. (2016) , whose data reduction and analysis is similar to the methods we have employed. We choose bursts which have F160W (or similar) HST imaging, a β OX < 0.5 (see Perley et al. 2016a ), a Galactic A V < 0.5 and an optical or NIR afterglow detection. The 13 host normalised offsets of those GRBs reported in Blanchard et al. (2016) which meet these criteria are added to the sample described in this paper, to create an extended dark burst offset sample. The same statistical comparisons are made between the extended sample, and the three literature datasets. The effect of including these optically or NIR detected dark bursts is shown in the bottom two panels of 6. We find that the extended sample is also consistent with the comparison samples.
DISCUSSION
Host Colours and Magnitudes
In common with previous work Hjorth et al. 2012; Perley et al. 2013) , we find that dark GRB hosts are typically more luminous, and thus likely of higher stellar mass, than the hosts of GRBs with bright afterglows at the same rest-frame wavelength. They also show larger physical sizes. For these reasons, the darkness of most GRBs is now widely attributed to dust within the host. Perley et al. (2016a) estimate that no more than 2 per cent of GRBs with fluence greater than 10 −6 erg cm −2 lie at z > 5.5. Based on the colours and magnitudes of our sample, we find that the fraction of dark GRBs in this sample which could feasibly be high redshift is 0.14±0.08. Allowing for poisson uncertainties on the small number statistics, and assuming that 20 per cent of all GRBs are dark Jakobsson et al. 2012; Perley et al. 2016a ), this puts < 4.4 per cent of all GRBs at z > 5, in good agreement with previous estimates (2 − 3 per cent, Perley et al. 2009 Perley et al. , 2016a . This is strictly an upper limit, as the non-detection of some of our targets as shown in figure 4 might also be the result of moderate extinction at intermediate redshifts, particularly since the F606W band is increasingly affected by dust extinction as it probes further into the NUV.
Host Galaxy Morphologies
We find marginal evidence for dark GRB hosts being more concentrated in the F606W band, and no evidence for differences in asymmetry or ellipticity between our sample and those of Lyman et al. (2017) and Conselice et al. (2005) . The ellipticity result implies that the dark GRB hosts are typically not edge-on disks. In both bands, we are comparing with a similarly observed and analysed dataset. We might have expected that galaxies would appear to be more asymmetric in F606W, given that this corresponds to the the rest frame UV at redshift ∼ 2, and the irregularity of star forming clumps might be measurable. However, previous C A analyses have shown that this effect manifests itself primarily in the clumpiness parameter (Lee et al. 2013) , with A and C unaffected. The dark host sample has very similar mean C∼ 2.6 and A∼ 0.15 values to the H-band, M > 10 9 M , spectroscopically-selected star forming galaxy sample of Lee et al. (2013) .
The most striking difference between our sample and those of Lyman et al. (2017) and Conselice et al. (2005) is that the Conselice et al. (2005) sample is significantly more spread out over C A parameter space in F606W, with mergers and ellipticals clearly identified. There is also a marginal trend for the dark hosts to be more concentrated in this band, as the AD test p-value of 0.048 indicates. Despite some of the sources in this sample appearing to be visually disturbed, none are identified as mergers by the C A analysis. Conselice et al. (2000b) and Conselice (2003) show that while concentration is largely unaffected by increasing redshift, asymmetry is weakened to varying degrees, depending on the HST instrument used. For example, low redshift galaxies would typically have their asymmetries decreased by -0.10±0.10 (for ACS) and -0.03±0.10 (for WFPC2) if they were observed instead at z=2. These are not strong effects, but because the dark GRB host redshift distribution is shifted to slightly higher values with respect to Conselice et al. (2005, see figure 1 ), it is worth considering the dilution of asymmetry as an explanation for the lack of C A mergers in this sample.
Host Galaxy -GRB Offsets
As we showed in section 4.1, the majority of sources in this sample are consistent with dusty galaxies lying at intermediate redshifts. Their host-normalised offset distributions are similar to those of optically-bright GRBs. This has implications for how the extinguishing dust is distributed within the galaxies. If the dust were uniformly spread throughout the internal volume of the galaxy, there would be a tendency for dark bursts to occur at low projected offsets, where the column density of dust would be greater. This assumes, however, that the underlying form of the star formation distribution is the same in both dusty and non-dusty GRB hosts, and that the nature of the dust is the same throughout the galaxy. There are also uncertainties on the true galaxy centroids arising from the blurring effect of dust, and the irregular nature of the galaxy morphology in some cases. Nevertheless, the fact that we do not see any bias to low offsets implies either that the extinction occurs in a foreground screen (difficult to arrange for every system) or that the dust has a clumpy component. This clumpiness is likely on galactic scales (hundreds to thousands of parsecs), not on the scale of the afterglow radiating region, as has been shown by studies of absorption lines in GRB afterglows (e.g. Prochaska et al. 2008 ; Chen 2012) which put dense gas clouds at distances of a few hundred parsec from the burst (although we note these studies require optical afterglows and therefore do not use dark GRBs). Additionally, if the dust causing extinction were too close to the GRB and natal site of the progenitor, it would likely be destroyed (Waxman & Draine 2000; Fruchter et al. 2001; Zafar et al. 2018a; Heintz et al. 2018) . The inference that clumpy dust is present is further supported by the ellipticity distribution: assuming that at least some of the hosts are spiral in morphology, the lack of a favoured edgeon orientation suggests that the line-of-sight depth through the host is not the only factor in causing darkness in GRBs.
There is a bias against the measurement of very small offsets when afterglow positional uncertainties are an appreciable fraction of the projected size of the galaxy (Blanchard et al. 2016 ). This issue is therefore more significant when Chandra X-ray positions are used, which although precise, are typically less so than optical, IR or radio localisations. One method of addressing this is to include more dark bursts with optical or NIR positions, as in section 4.3. While still statistically consistent with the comparison samples, we can see from figure 6 that the inclusion of extra optically/NIR detected GRBs shifts the dark offset distribution to smaller values, as expected. We caution that in our sample, only 3 dark bursts from 21 have an optical/NIR localisation -suggesting that such scenarios are rare. By artificially including more of these in our extended sample, we must acknowledge The individual Ricean probability distributions for the dark GRB normalised offsets are shown in grey, with the summed and normalised distribution overlaid in black. Lower panels: As above, but for the extended dark burst sample, including optically or NIR detected dark GRBs from Blanchard et al. (2016) .
that selection biases might be introduced. However, the redshift and physical host sizes are not significantly changed by their inclusion (mean z changes from 1.44 to 1.61, the mean R 50 from 2.67 to 2.40). It therefore appears as though such biases are not a large concern. Overall, the inclusion of extra optically/NIR detected dark GRBs does not change our interpretation of the results.
There is mixed support for a clumpy dust model in the literature. Corre et al. (2018) studied the relationship between line-of-sight extinction curves derived from opticallybright GRB afterglows and the global dust properties of the host. They find that for more than half of their sample, a significant amount of clumpy dust is required. We would certainly expect some level of irregularity in the dust distribution as both supernovae and mature stellar populations are dust-production sites and these will each enrich a limited volume. Since star-forming galaxies tend not to have uniform distributions of star formation, the starburst regions will randomly sample dusty and dust-sparse sites. Indeed, Krühler et al. (2011) find examples of heavily extinguished bursts in otherwise blue, low mass galaxies, as might be expected given this model. Friis et al. (2015) and Heintz et al. (2017) also find evidence for local dust properties which differ from the galaxy wide average. Furthermore, as figure 3 demonstrates, there is considerable overlap in absolute magnitudes between dark and bright GRB hosts. Hosts of similar absolute magnitude are capable of producing both bright and dark bursts, which suggests that the host luminosity and/or mass does not correlate directly with the dustiness of sight-lines through the galaxy. There is also much uncertainty about the interstellar dust properties of GRB hosts (Zafar et al. 2018a,b) , and variations in R V between hosts and/or burst sites could help explain the overlap in dark and bright GRB host luminosities.
In argument against the clumpy dust scenario, the fact that hosts of the same absolute magnitude can produce both bright and dark GRBs could be explained by whether or not the burst occurs on the near or far side of the galaxy. Furthermore, previous studies have indicated that burst site properties such as A V and metallicity are more typically similar to the properties derived from integrating over the entire host (Krühler et al. 2011 ). From our sample of 21, only 3 GRB hosts have metallicity determinations. These are GRBs 051022 (Z∼8.77, Graham et al. 2015) , 090407 (Z∼8.85 Krühler et al. 2012 ) and 100615A (Z∼8. 4 Krühler et al. 2012) . The first two of these have ∼ solar metallicity, which is particularly high for GRB hosts, and consistent with the presence of dust. This implies that, for the progenitors at least, the main difference between dark and bright GRBs may be their metallicity. The link between host and afterglow determined properties is by definition only measurable for bursts where the afterglow is detected, and it remains possible that the local A V might be greater than the host average for dark GRBs. Nontheless, Perley et al. (2013) and Perley et al. (2016b) concluded that an approximately uniform dust component can help explain the dark burst preference for massive hosts.
The true picture is likely not to be as simple as either purely homogeneously-distributed gas and dust, or entirely clumpy. Some combination of these extremes, with clumps occurring embedded within more diffuse dust is most likely, in agreement with the findings of Corre et al. (2018) . Ultimately, a study of how β OX varies with host normalised offset would be able to distinguish the various dust distribution scenarios discussed here.
CONCLUSIONS
We present F606W and F160W imaging of a sample of 21 dark bursts, where the burst location is known in 20 cases to significantly sub-arcsecond (typically ∼ 0. 1 − 0. 3) precision through CXO X-ray afterglow observations. Twenty of the bursts are robustly detected in the F160W band, and twelve at F606W. One source is undetected in both bands. Where sources are undetected, deep HST imaging allows us to place stringent limits on host magnitudes, and thus evaluate the plausibility of a high redshift interpretation for opticallyfaint afterglows. This analysis provides an upper limit of 22 per cent of dark GRBs arising from z > 5, or ∼ 4.4 per cent of all GRBs, consistent with previous estimates.
We also consider the morphology of the detected hosts. A concentration and asymmetry analysis provides marginal evidence that dark GRB hosts are more concentrated than the hosts of optically-bright GRBs. Otherwise, the morphologies of these galaxies are consistent with the wider GRB host population. In agreement with previous studies, we have shown that dark gamma-ray bursts occur preferentially in galaxies which are larger and more luminous that those hosting optically bright bursts. Dark bursts trace their host light in a similar way to bright GRBs, with no evidence for a smaller offset bias. Combining ellipticities with the concentration and asymmetry parameters, we find that dark hosts do not show any evidence for a preferred edge-on orientation. This, and the offset distribution, may imply that a significant proportion of the extinguishing dust is clumpy on galactic scales.
